The vacuole of plant cells is unusual in possessing two electrogenic HW-translocating phosphohydrolases. In addition to the vacuolar-type H+-ATPase (V-ATPase; EC 3.6.1.3), common to the endomembranes of animal, fungal, and plant cells (1, 2) , the vacuolar membrane of plant cells contains a HW-translocating pyrophosphatase (V-PPase; EC 3.6.1.1), which exclusively utilizes pyrophosphate (PPi) as energy source (3, 4) . The V-PPase, like the V-ATPase, is abundant and ubiquitous in the plant vacuolar membrane and contributes substantially to the establishment of the transtonoplast H+ electrochemical potential difference (2, 4) responsible for the energization ofa broad range ofH+-coupled and electrically coupled transport processes.
Progress toward understanding the structure and function of the V-PPase, which belongs to a new category of ion translocases (3), has been rapid, but the minimal unit competent in PPi-dependent H+ translocation is still not known. While it is clear that the intrinsic, Mr 64,500-66,800, substrate-binding subunit catalyzes K+-activated PPi hydrolysis (4) , it remains to be determined if this polypeptide, alone, is sufficient for PPi-energized transmembrane H+ transport. On the one hand, it has been argued that because cDNAs encoding the substrate-binding subunit of the V-PPase ftom Arabidopsis thaliana (5) Fig. 1 ). Most of the PCRamplified AVP insert was then replaced by the original cDNA to mie sequence fidelity and yield a construct in which the original cDNA, lacking only the 5' untranslated sequence, was inserted directionally. The sequence of the segment of AVP that was not replaced by the original cDNA (25 bp) was determined by the dideoxynucleotide chain termination method (9) using custom-synthesized oligonucleotide primers and found to match exactly the sequence of the original cDNA clone (5) .
Yeast Transformation. Ura-strains of S. cerevisiae were transformed with the final construct, designated pYES2-AVP, by the LiOAc/PEG method (11) . The transformants were selected for uracil prototrophy by plating on AHC medium [0.17% (wt/vol) yeast nitrogen base without amino acids/0.5% (wt/vol) ammonium sulfate/1% (wt/vol) acidhydrolyzed casein/0.002% (wt/vol) adenine hemisulfate/2% (wt/vol) glucose/50 mM Mes-Tris, pH 5.5]. The resulting Ura+ colonies were picked and grown for 2 days in AHC medium containing 2% glucose ("glucose-grown cells") or 2% (wt/vol) galactose supplemented with 0.2% (wt/vol) fructose ("galactose-grown cells"). Fructose, rather than glucose, was routinely employed as supplementary carbon source for galactose induction because preliminary experiments had shown that the same concentration of glucose (0.2%) diminishes cellular V-PPase polypeptide content versus fructose-supplemented controls.
Preparation of Whole-Celi Lysates. For the initial screening of V-PPase expression, crude whole-cell lysates were prepared from galactose-grown or glucose-grown pYES2-AVPtransformed cells and galactose-grown untransformed cells. Cells were grown in 10-ml volumes of AHC medium, collected by centrifugation, and lysed by the method of Kane et al. (12) After lysis by homogenization in a 40-ml Dounce homogenizer, the crude lysate was cleared of cell debris and unbroken cells by centrifugation at 650 x g for 5 min, homogenized again in the same medium, and recentrifuged. The supernatants from both low-speed centrifugations were pooled and centrifuged at 100,000 x g for 35 min. The pellet ("crude microsomes") was resuspended in suspension medium (1.1 M glycerol/2 mM dithiothreitol/1 mM EGTA/5 mM TrisMes, pH 7.6), layered onto a discontinuous sucrose density gradient consisting of 10%6 (wt/wt) and 30% sucrose and centrifuged at 100,000 x gfor 2 h. Partially purified, V-PPaseenriched microsomes were withdrawn from the 10/30% interface, diluted more than 10-fold with suspension medium, and pelleted by centrifugation at 100,000 x g for 35 min. The resulting membrane pellet was washed one more time with suspension medium, resuspended in suspension medium, and used immediately or stored at -85°C. Inclusion of KCl (0.15 M) in the homogenization medium was found to minimize contamination of the final microsome preparation with endogenous soluble PPase.
Intact yeast vacuoles were isolated by flotation centrifugation on Ficoll step gradients as described by Roberts et al. (10) . To diminish proteolysis during membrane isolation, this procedure was shortened for some of the experiments by subjecting the spheroplast homogenate to only one cycle of flotation centrifugation. The (14) with extraction buffer containing 10 mM Tris HCl (pH 8.0), 0.1 M LiCl, and 1 mM EDTA. Contaminating DNA was removed by the addition of RNasefree DNase, after which SDS was added to a final concentration of0.5% before deproteinization ofthe RNA by phenol extraction. The samples were size-fractionated by electrophoresis on 1.2% (wt/vol) agarose gels containing 0.63 M formaldehyde and blotted onto nylon membrane filters (Nytran45; Schleicher & Schuell). The filters were prehybridized and hybridized in the same solution containing randomprimed AVP cDNA as probe as detailed (5) . The filters were washed and exposed to Kodak X-Omat AR x-ray film for 12 h at -850C.
SDS/PAGE and Western Analyses. One-dimensional SDS/ PAGE was performed on concave exponential gradient gels after delipidation of the samples (15) . The electrophoresed samples were electroblotted to 0.45-jm nitrocellulose filters using a semidry electroblotting apparatus in 10% (vol/vol) methanol/10 mM Caps-NaOH, pH 11.0, for 30 min at a current density of 2.5 mA/cm2. Transferred protein was reversibly stained with Ponceau S, blocked, and incubated with V-PPase antibody as described (16 (17) .
RESULTS
Trformaton of Yeast with pYES2-AVP Expression Vector. pYES2 was employed as the expression vector. This yeast-Escherichia coli shuttle vector contains the 2-pam circle origin of replication, the GAL) promoter, the CYCI termination sequences, and a selectable yeast marker, the URA3 gene (Fig. 1) . pYES2-AVP was constructed by inserting the entire open reading frame of AVP into the polylinker located between the GAL) promoter and CYCI termination sequences, so locating the initiation site of AVP within 60 bp of the transcription start site of the GAL) promoter.
Several Ura-strains of S. cerevisiae were transformed with pYES2-AVP and selected for uracil prototrophy. The resulting Ura+ colonies were picked and grown to stationary phase in minimal medium supplemented with 2% glucose (glucose medium) or 2% galactose plus 0.2% fructose (galactose medium), and the cells from these and untransformed lines were harvested and lysed. In all of the galactose-grown transformants examined, but none of the untransformed strains or glucose-grown transformants, immunoreactive V-PPase substrate-binding, Mr 66,800 polypeptide was detectable after SDS/PAGE and Western analysis of crude cell lysates (data not shown). One of the transformed strains, pYES2-AVP-AACY1 (MATa ura3-52 leu2, 3-112, his 3-A200 ade2-101 lys2-701 (fpl::LEU2) was characterized further.
Expression of AVP RNA. Northern analyses oftransformed AACY1 cells demonstrate that transcription of the cDNA insert ofpYES2-AVP is galactose inducible. When total RNA is isolated from pYES2-AVP transformants, size fractionated, and hybridized to random-primed AVP cDNA, a major RNA species with an approximate length of 2.7 kb is first detected after 2 h and is maximal after about 24 h of growth in galactose medium (Fig. 2A) . The length of the mature heterologous transcript coincides with the predicted length of rpN' cDNA the GAL) promoter-initiated transcription product of pYES2-AVP (2.75 kb) (Fig. 1) , and the RNA species concerned is present at only low levels in glucose-grown transformants ( Fig. 2A) . Galactose-inducible, glucose-repressible transcription of the cDNA insert initiated at the plasmidcoded GAL) promoter is therefore inferred.
Expression of AVP Polypeptide. Both microsomes and vacuolar membranes isolated from galactose-grown AACY1 transformants contain a Mr 66,800 polypeptide that selectively immunoreacts with rabbit polyclonal antibody (PABHK1) raised against keyhole limpet hemocyaninconjugated V-PPase-specific synthetic peptide (Fig. 2B) .
Membranes from untransformed or glucose-grown transformed AACY1 cells, by contrast, lack the PABHK1-reactive polypeptide. These and the results of preliminary studies showing the Mr 66,800 polypeptide to cosediment with bulk membranes and be of maximal abundance at the 10/30% interface of sucrose density gradients and not be retained in the soluble phase of lysed cells not only demonstrate that the AVP-encoded polypeptide is membrane bound but also indicate that a significant fraction of the total translation product is incorporated into the vacuolar membrane.
WI pra11 IMof Hydroytically Active Enzyme. Partially purified microsomes from galactose-grown, pYES2-AVPtransformed AACY1 cells contain two major PPase activities: a K+-stimulated activity with low sensitivity to inhibition by fluoride and a K+-insensitive activity with high sensitivity to fluoride (Fig. 3) . Microsomes from glucosegrown transformants exhibit levels of fluoride-sensitive activity similar to those found in the galactose-grown transformants but lack K+-stimulated PPase activity (Fig. 3) . The K+-stimulated activity found only in the galactosegrown transformants is attributed to AVP-encoded V-PPase, (Table 1) , is susceptible to regulation by this divalent cation.
Expressin of Transpot-Competent Enzyme. The transport competence of the heterologously expressed enzyme establishes that the K+-activated PPi hydrolytic activity measured in the galactose-grown transformants (Fig. 3 and Table 1 ) is attributable to the V-PPase. Fractionation of microsomes from galactose-grown pYES2-AVP transformants yields membrane vesicles at the 10%6/30%o interface of discontinuous sucrose gradients, which are active in PPi-dependent H+ translocation (Fig. 4A) , whereas membranes prepared from untransformed yeast (data not shown) and glucose-grown transformants show negligible PPi-dependent H+ translocation. H+ pumping by the heterologously expressed V-PPase has a near-absolute K+ requirement and is strongly inhibited by aminomethylenediphosphonate, as is the enzyme of plant vacuolar membrane vesicles (4, 19) . Provision of 50 mM KCl elicits high rates of intravesicular acidification, and substitution of this salt with the same concentration of choline chloride or inclusion of 20 ,uM aminomethylenediphosphonate in the fluorescence assay medium markedly diminishes the initial rate and extent of intravesicular acidification (Fig.  4A ). In accord with the results of the Western analyses (Fig.  2B) , which suggest that a significant fraction of the total membrane-associated heterologous V-PPase is located in the vacuolar membrane, membrane vesicles derived from vacuoles isolated from galactose-grown, but not glucose-grown, transformants are capable of rates and extents of intravesicular acidification comparable to those achieved by density gradient-fractionated microsomes (Fig. 4B ).
CONCLUSIONS
The studies described show that the cDNA encoding the substrate-binding subunit ofthe V-PPase from Arabidopsis is expressed in a functional state in Saccharomyces. The integrity of the heterologously expressed V-PPase and its nonidentity with the endogenous soluble PPase of yeast, as indicated by the finding that it alone is activated by K+, inhibited by aminomethylenediphosphonate, active in transmembrane H+ pumping, and subject to induction by galactose, unequivocally demonstrates that the substrate-binding subunit by itself is sufficient for the assembly of transportcompetent pump.
From a comparison of the K+-stimulated, aminomethylenediphosphonate-inhibited PPi hydrolytic and H+-trans- 
